Abstract-This paper investigates defects in photovoltaic (PV) panels, more precisely, the location of defects in PV panels. With the help of electrical verification, it is possible to verify the impact of defects on output performances. However, it is not possible to determine the location of defects in order to address problems, for example in the manufacturing process of PV panels. In this paper, the focus lies on finding similarities in the location of defect areas in PV panels. Samples were characterised with the help of synchronized thermography (ST) in order to obtain infrared (IR) images of PV panels. IR-images are helpful to get a visual image on the health of PV panels and identify the position of defects. This information can be useful, for example to improve the fabrication process of PV panels.
I. INTRODUCTION
Commonly, photovoltaic (PV) panels are verified by electrical measurements in order to obtain the characteristic I-V (Current-Voltage) curve [1] - [3] . The slope of the I-V curve provides information on the output performance of the PV panel in terms of available output current and power at different operating voltages [4] , [5] . Moreover, with the help of electrical measurements, parameters can be verified which are needed for PV simulation models [1] - [3] , [6] .
Photovoltaics are characterised at standard test conditions (STC). STC are given at an air mass (AM) 1.5, a solar radiation level (λ) of 1000 W/m 2 and a PV cell temperature (T c ) of 25 • C. Under outdoor environmental conditions, it is difficult to maintain this kind of ambient conditions precisely. Therefore, outdoors, additional equipment such as a pyranometer is required during the electrical verification of PV panels for recording the current environmental conditions [1] - [3] .
In previous research, we noticed variations in output power of PV panels which exceeded the specifications of tolerance limits of PV manufacturers [3] . Some PV panels produced significantly less power than other PV panels while it was not possible to clearly determine the origin of the observed variations in output power [3] . In the PV panels, there were no signs of weak connections or breakages in PV cells which could help to explain the differences in output power levels.
A major disadvantage of the electrical verification of PV panels is that a precise illumination and temperature are required in order to obtain comparable measurement results. Moreover, electrical measurements do not provide information on the location of defects in PV panels. Thus, we characterised PV panels with the help of synchronized thermography (ST) to obtain a better understanding of the cause for the variations in output power.
In this paper, we have used an infrared (IR) camera which offered a higher resolution than the IR-camera used in previous research [7] . In this way, the opportunity is given to localise defects in PV panels more precisely. In addition, we use a portable IR-camera which can be attached to a smartphone, for example an iPhone. As a result, ST can be become a portable measurement tool and can be useful for consumers to analyse their PV panels.
II. BACKGROUND AND RELATED WORK

A. Behaviour of Photovoltaics
In PV simulation models, each PV cell in a panel is considered to be equal to the others. Commonly, PV panels are made out of a large series connection of PV cells. If one of the PV cells in the panel is defect, the PV panel performance can be significantly decreased. In a series connection of PV cells, the short-circuit current (I sc ) depends on the short-circuit current of the weakest PV cell of the interconnection (I sc,min ) [7] - [9] , as obtained by the following equation:
where P ideal is the ideal power of the PV panel and V oc is the open-circuit voltage of the PV panel. 
B. Configuration of a PV panel
C. Background of Synchronized Thermography
Leppänen et al. developed synchronized thermography (ST) for the characterisation of thin films [10] - [12] . The method involved electrical heating of the conductive layer to measure its non-uniformity. At present, the closest technique comparable to ST is lock-in thermography (LIT). LIT has been applied to study defects of PV cells which are not encapsulated [13] - [17] . However, if PV cells are encapsulated by glass, it is difficult to measure them with the help of LIT, because temperature differences due to the modulated heating are too small and are smoothed by glass.
In previous research, we demonstrated that ST can be used to characterise crystalline PV cells and panels on top of the conductive layer and through glass [8] . The basic measurement setup of ST is shown in Fig. 2 . Here, an external power supply of 12 V was applied to heat up the PV panels for 45 sec in a dark, non-illuminated environment (λ = 0 W/m 2 ), as in previous research [7] , [8] . This ambient circumstances are comparable to dark lock-in thermography (DLIT) [14] . After 45 sec, IR-images were taken with the help of a Optris PI 640 IR-camera (image resolution: 640x480) and a Flir ONE iOS IR-camera (camera resolution: 160x120, image resolution: 640x480). In previous research, we used a Flir b60 IR-camera (image resolution: 180x180) [7] , [8] . 
D. Stage for Investigating PV panels
The focus of this research is to find defects in PV panels before these PV panels are installed in the field. In this way, mismatches between the available output powers of PV panels can be avoided. In this stage, the IR-images are taken in a dark environment (λ = 0 W/m 2 ) when PV panels are not illuminated, for example by the sun. Other research focuses on the evaluation of PV panels which are already installed in the field in order to investigate the performance of PV plants [18] - [20] .
PV panels which are installed in the field can suffer from different failures such as encapsulation failures, module corrosion, broken interconnection and solder buses failures, cells cracking, and dust [18] . Cells cracking described in [18] which can develop in different stages of the lifetime of a PV panel is similar to hairline cracks which were found in our research [7] - [9] . In both cases, a part of the PV cell becomes electrically disconnected from the rest of the PV cell.
III. SYNCHRONIZED THERMORGRAPHY OF PV PANELS
A. Measurement Setup and Measurement Sample
The main difference between the IR-camera in this paper and the IR-camera used in previous research lies in the resolution of the IR-image. With the help of the higher resolution of IR-images, we expect to locate defects in the PV panels more precisely. Similarly, the resolution of a portable IR-camera is important which can be attached to portable devices such as smartphones. This type of portable IR-cameras can also lower the costs of the measurement setup. The alignment of the measurement setup (see Fig. 2 ) was done in such a way that the IR-image covers the complete PV panel. Thus, the distance of the camera (d) was adjusted to the width of the PV panel (w). In this way, the use of the resolution of the IR-camera could be optimised.
The type of PV panel used in this research is the same as in previous research [3] , [7] , [8] . Fig. 3 shows the PV panel, to be more exact the model DSP-5P from the manufacturer [lux.pro] Corporation. The PV manufacturer provides tolerance limits of ± 3 % for their PV panels on output performances at standard test conditions (STC) (λ = 1000 W/m 2 and T c = 25
• C). As seen in Fig. 3 , the PV panel is made out of 18 polycrystalline PV cells which are connected in series with each other. Table  I presents the available data from the PV manufacturer. 
B. Obtaining and Analysing IR-images
We decided to use the same parameters as in previous research for forward-biasing the encapsulated PV panels in order to obtain comparable results. Thus, we heated the PV panels for 45 seconds [3] , [7] , [8] . At the same time with IR-imaging, the temperature was measured from a reference sample which was not heated. In addition, the ambient temperature was measured for reference. In this way, the scaled IR-images show temperature variations above the ambient temperature.
We measured six PV panels with both, the Optris PI 640 IR-camera and the Flir ONE iOS IR-camera and, then, calculated the temperature map of all samples afterwards. The temperature scale bar was formatted according to the obtained temperature rises. Tables II and III present the maximum temperature variation in the particular PV panel obtained with the different IR-cameras. Due to a maximum temperature of 3.6
• C for both cameras, we decided to format the temperature scale from 0 to 4
• C above the ambient temperature. Figures from 4 to 9 illustrate the temperature distribution of the PV panels 1 to 6. For comparison, the IR-images obtained with the Flir b60 IR-camera are also shown [7] , [8] . In addition, the shapes of the PV cells and connecting wires are also illustrated in order to show approximately the position of the cells and wires in the IR-image. In previous research, we obtained the highest power in the maximum power point (MPP) (P mpp ) from PV panel 3, while the lowest power in the MPP was observed from PV panel 2 [3] , [7] , [8] . Table IV summarises the results of the electrical verification of the PV panels in terms of loss in power in the MPP (ΔP mpp ). In experiments, the performance of PV panels 3 and 4 was similar, likewise the performance of PV panels 1 and 5 was similar. The output power of PV panel 2 and 6 was also similar, but significantly lower in comparison to the other panels. When comparing Figs. 4 to 9 with each other, we cannot see any significant temperature differences in the form of hot and cold spots in PV panels 3 and 4. The highest temperature elevation is obtained along the connecting wires. These connecting wires can be localised from the Fig. 3 . However, for panel 1, 2, 5, and 6, clear hot and cold spots can be observed on the right-hand side of the PV panel.
In the cases PV cells have defects, the defect area can be physically and electrically disconnected from the rest of the PV cell, for example due to the presence of a hairline crack [8] . Thus, no current goes through the defect area and it does not heat up when the PV panel is forward biased. Actually, the current goes through the remaining area marking it warmer than a healthy PV cell in the panel. As a result, we are able to indicate defects in PV panels based on hot and cold spots. However, the actual damage in the PV cell is the cold spot in the temperature map. The location of the defect can be seen clearly in Figs. 4, 5, 8 , and 9.
The 18 PV cells inside the PV panel from [lux.pro] Corporation are placed in two rows. One string of 9 PV cells on the left-hand side with the remaining 9 PV cells on the rightside in the same layout. We can see hot and cold spots on the right-hand side of the particular PV panel. We can summarise that if defects are present, they are located in the middle of the string of PV cells on the right-hand side. We can summarise that if defects are present, they are located in the middle of the string of PV cells on the right-hand side. Fig. 10 illustrates the area of defects. 
C. Estimating the Loss in Output Performance
The resolution of the IR-image can have an impact on the estimation of the loss in output performance. The temperature map was evaluated in a similar way as in [9] . In this paper, the focus lies on the performance of the weakest PV cell of the interconnection. The loss in output power in the MPP (ΔP mpp ) of the PV panel is estimated based on the estimated defect area of the perceived weakest PV cell of the PV panel, as described in Equation (1) . In previous research, the temperature map of the whole PV panel from [lux.pro] Corporation was analysed [7] .
The average temperature (T average ) was calculated at each horizontal segment of the weakest PV cell of the panel. For each time, the difference in the average temperature was lower (i.e. focus on cold spots) than the threshold temperature T threshold , the line segment was assumed to be defect. T threshold was taken from a healthy PV cell in the same string of PV cells in the same PV panel (outside the verified location of defects). The total amount of defect segments was converted as a percentage of the total line segments for comparison. Fig. 11 shows a comparison of the obtained results. The focus lies on the PV panels of the sample in which significant cold and hot spots are located. In Fig. 11 , the measured loss in output power, shown in Table IV , is compared with the estimated defect area based on the IR-images obtained with the help of synchronized thermography. Here, the difference in the estimated defect area is shown between the IR-images obtained with three different IR-cameras, the Flir b60, the Optrics PI 640 and the Flir ONE iOS IR-camera, respectively. It can be seen that the estimated defect area with synchronized thermography correlates with the measured loss in output power. In this paper, we evaluated the temperature map with higher resolution IR-imaging in order to obtain more precise information about the location of defects in PV panels. Six PV panels with 18 cells each were investigated. Two PV panels were observed to be in healthy condition, but the other four PV samples were found to have defects. When comparing the temperature maps of the PV panels with defects, it was possible to locate the position of defects. In this research, we used the Optrics PI 640 IR-camera (image resolution: 640x480) which offered a higher resolution than the Flir b60 IR-camera (image resolution: 180x180) used in previous research.
Similarly, the resolution of the Flir ONE iOS IR-camera (camera resolution: 160x120, image resolution: 640x480) was suitably high enough to locate potential defects in the same PV panels based on the observed temperature variations in the IRimages. In previous research, IR-images were more pixelated and these circumstances had an impact on the estimation of losses in output performances such as the available power in the MPP (P mpp ). The location of defects was observed to be in the same area with all IR-cameras, indicating potential problems, for example in the manufacturing or packaging process.
We demonstrated that the measured output power of PV panels correlates with the estimation of the defect area based on temperature variations in IR-images. IR-cameras with a superior resolution are capable of providing better estimations on the loss in performance. Generally speaking, synchronized thermography can be used for analysing and estimating the output performance of PV panels. The output power can be estimated based on the temperature differences in the weakest PV cell of the interconnection. The estimations correlated with the measured loss in output power in experiments.
